and the tDepartment of Pathology, University of Leeds, Leeds SUMMARY Fifty jejunal biopsy specimens obtained from normal subjects and from untreated and treated patients with coeliac disease were assessed blindly by three independent observers, each of them using different morphometric techniques-namely, linear measurement, stereology, and computer aided microscopy. In two of 26 control biopsy specimens linear measurement was not possible because of distortion of villi. Highly significant (p < 0.001) correlation coefficients were found between the different techniques. With all methods significant differences between controls and patients with coeliac disease and between treated and untreated coeliac patients were found. Only by stereology, however, was there no overlap between results for patients and those for controls. In view of the limitations of linear measurement and the high cost and complexity of computer aided microscopy, we propose that a simple stereological technique using an eyepiece graticule is the method of choice in the quantitative assessment of mucosal architecture in jejunal biopsy specimens.
As jejunal biopsy is a fundamental procedure in the diagnosis of many diseases with malabsorption,' the assessment of villus architecture must be as reliable as possible. Greater reliability of morphometry over simple subjective evaluation has recently been shown, and it has been proposed that, whenever possible,-qualitative assessment of jejunal biopsy specimens should be coupled with quantitative techniques.2
Up to now either linear3'4 or stereological5 6 techniques have been employed in jejunal morphometry. These simple methods have recently been criticised and some authors have claimed that they should be replaced by more sophisticated measurements based on computer aided microscopy.79 In view of the increasing demand for jejunal morphometry, both histopathologists and gastroenterologists should be aware of the advantages, if any, of a particular method. We have therefore objec-*This work was presented in part at the XXIV Congress of the Italian Society of Gastroenterology, Ban, Italy, June 1983. Accepted for publication 14 March 1985 tively assessed the same series of jejunal biopsy specimens by different morphometric techniquesnamely, linear measurement, stereology, and computer aided microscopy.
Material and methods

INTESTINAL BIOPSY SPECIMENS
Fifty jejunal biopsy specimens, selected according to the criteria of Perera et al, 0 were studied. All the specimens were taken from the region of the ligament of Treitz using the adult Crosby capsule or the multipurpose tube as part of a routine diagnostic procedure. The biopsies were fixed in buffered formalin, processed by standard methods, and, after paraffin embedding, were cut at 4 ,um thickness and stained with haematoxylin and eosin. At least three sections were taken from the larger biopsies, while multiple sections were cut from the smaller ones. Thus for the entire series there was a mean of 209 sections (range 3-56).
The group of 50 patients whose biopsy specimens were included in the study comprised the following: 765 12 patients with untreated coeliac disease, 12 patients with coeliac disease who were on gluten free diets, and 26 subjects whose biopsy specimens were subjectively assessed as normal and who had no evidence of small intestinal disease.
INTESTINAL HISTOLOGY
The jejunal biopsy specimens were assessed blindly by three independent observers (MF, GRC, and MFD) by different morphometric techniques, which measured comparable variables. The fields assessed were chosen at random by each observer.
Linear measurements Linear measurements (MF) were expressed as villus height to total mucosal thickness ratio (VHiTMT)." Total mucosal thickness-the distance from the tip of the villus or the flat surface to the muscularis mucosae-and crypt depth-the distance from the muscularis mucosae to the dilatation of the crypt at the base of a villus-were measured for five well orientated villi using an eyepiece micrometer calibrated with a stage micrometer at a magnification of x 125. Villus height was regarded as the difference between total mucosal thickness and crypt depth.
Stereological measurements Stereological measurements (GRC) were performed according to the method of Dunnill and Whitehead6 using a Weibel graticule (Graticules Ltd, Tunbridge Wells, Kent, UK) inserted in the microscope Corazza, Frazzoni, Dixon, Gasbarrini eyepiece. A record was made of the number of times the lines cut the mucosal surface (c) and the number of hits (h)-that is, end points of the lines falling on the tissue section between the covering epithelium and the muscularis mucosae. At a constant magnification (x 125) the length (l) of each line of the graticule was 1-7 x 10'2 cm. The ratio of c/lh was then calculated and regarded as a measure of surface area to volume ratio (S/V).
Computerised morphometry
The same 50 biopsies were also examined using the Reichert-Jung Kontron IBAS Image Analyser (MFD). The IBAS 1 module was used to measure the ratio of surface length to lamina propria area (SLILPA). IBAS 1 is a computerised planimeter in which a self illuminated cursor can be superimposed on the microscope field by viewing it through a camera lucida drawing tube attached to a conventional (Leitz Dialux 20 EM) microscope. Each field was viewed through the x 16 objective. To measure surface length the luminal border of the surface epithelium (cutting across the mouths of crypts) was traced from one side of the field to the other using the cursor on a magnetised digitising tablet (Fig. 1) . Points along the path of the cursor are digitised by the computer and on completion of the trace the length of the line is given in picture points, so called pixel units. Lamina propria area was measured by drawing around the basement membrane of the surface and crypt epithelium, the sides, and the upper surface of the muscularis mucosae and subtracting (LPA) is contained by the solid line drawn around the epithelial basement membrane, the sides ofthe field, and the superficial aspect ofthe muscularis mucosae, from which the sum ofthe areas ofthe cross sectioned crypts (black) has to be subtracted. biopsy outlined along the surface, the sides, and the superficial aspect of the muscularis mucosae. The total length of this line has been termed perimeter (P). Results Tables 1-3 show the results from the 50 patients studied. In two of the 26 (7-6%) control biopsy specimens the villi were so distorted that the total mucosal thickness could not be measured. Statistical analysis of the results has therefore been performed on only 48 cases. Highly significant correlation coefficients were found when comparing the four techniques (Table 4) . There were significant differences between the means for the control and untreated coeliac disease groups (p < 0-01 for all four methods), between the control and treated coeliac disease groups (p < 0-01 for all four methods), and between treated and untreated coeliac disease groups (p < 0-02 for linear method, p < 0-01 for stereological and computer assisted IBAS 1 and IBAS 2 methods).
Discussion
Morphometry is being used increasingly in the assessment of jejunal biopsies both in coeliac tVH/TMT = villus height to total mucosal thickness ratio (linear measurement). tSUJLPA = surface length to lamina propria area ratio (computer assisted IBAS 1). §P/LPA = perimeter to lamina propria area ratio (computer assisted IBAS 2).
disease-and in many other conditions. In routine diagnostic histopathology quantitative histology is particularly valuable for evaluating mild mucosal changes and in the serial assessment of biopsy specimens.2 Although greater reliability has been claimed for stereological techniques over linear measurements6 and for computer aided microscopy over stereological techniques,8 9 these methods have not previously been compared.
All the morphometric methods used in this study showed a wide range of values, implying that all four are suitable for quantitative evaluation of varying degrees of mucosal alteration. Moreover, a highly significant correlation between the four methods has been shown and each method effectively distinguished between groups of controls, patients with untreated coeliac disease, and patients with coeliac disease on gluten free diets. Furthermore, there was no overlap in individual results between controls and untreated patients with coeliac disease. As expected, there was considerable overlap between the results for untreated and treated coeliac patients by all four methods and slight overlap between treated coeliac patients and controls by the computer assisted (IBAS 1 and IBAS 2) and linear methods but not by stereology. The absence of overlap between the stereology results for these two groups suggests that this technique is superior to the others in distinguishing abnormal biopsies, but it might be that the statistical assumptions implicit in stereology tend to amplify differences between biopsies.
Despite their overall efficacy, all the morphometric methods we 
